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In einer kürzlich erschienenen Arbeit haben Greatbatch und Zhang darauf hingewiesen, 
daß interdekadische Oszillationen in einem Ozean-Becken-Modell gefunden werden 
können, falls die.~es mit festgehaltenen Wärmeflüssen angetrieben wird. Diese Oszil-
lationen haben Ahnlichkeit mit jenen, welche Delworth et al. in einem gekoppelten 
Ozean-Atmosphären-Modell fanden. In der vorliegenden Arbeit werden Mechanis-
men verglichen, die in drei einfachen Ozeanmodellen mit festgehaltenen Antrieben 
zu Schwingungen führen. Die Experimente mit einem drei-dimensionalen Becken-
Modell werden ausführlich beschrieben. In diesen Experimenten zeigt sich der voll drei-
dimensionale Charakter der Schwingungen. Die Oszillationen stehen im Zusammen-
hang mit einer Reduktion der Ausbreitungsgeschwindigkeit von kalten Randstörungen 
im nordwestlichen Teil des Ozeanbeckens. Der Grund dafür ist ein anomal großes 
Gebiet tiefreichender Konvektion in dieser Region. Kräftige Temperaturanomalien 
enstehen dann infolge von anomaler Advektion. Ganz wesentlich für das Vorkom-
men von ungedä.mpften Oszillationen ist eine Verlä.ngerung der Zeitspanne mit starker 
(schwacher) meridionaler Zirkulation im drei-dimensionalen Modell ("Schleifen"-
1\fodell) durch einen Überkompensationsmechanismus. Letzendlich bestätigen diese 
Experimente die Ansicht von Winton, daß sich die Oszillationen in drei-dimensionalen 
Modellen nicht mit einfachen "Schleifen" -Modellen nachvollziehen lassen. 
Abstract 
In a recent paper Greatbatch and Zhang reported the finding of interdecadal oscilla-
tions in an idealized ocean basin forced by constant heat flux. This oscillation has 
many similarities to that found by Delworth et al. in a coupled ocean-atmosphere 
model. Vve have used three simple models with fixed surface fluxes, a box model, a 
\Velander-like loop model and a three-level three-dimensional ocean basin model, in or-
der to compare mechanisms associated with interdecadal oscillations in these models. 
Our experiments with the basin model revealed the three-dimensional character of the 
oscillations in three-dimensional models. Self-sustained oscillations are associated with 
a reduction of the propagation speed of cold anomalies in the north-western corner of 
the model because of anomalous strong convection in that region. Then anomalous 
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gyre circulation leads to the development of strong temperature anomalies. The exten-
sion of the period of strong (low) overturning in the three-dimensional (loop) model 
by some overcompensation mechanism is crucial for the occurrence of self-sustained 
oscillations. In conclusion we confirm \i\Tintons view that fixed fiux variability is not a 
meridional plane phenomenon related to loop oscillators. 
1 Introd uction 
Decadal and interdecadal variability is an important phenomenon of the climate sys-
tem. lt is necessary to understand the relevant processes, which can lead to long-time 
variability in the system ocean-atmosphere to properly access the rate of global warm-
ing and to distinguish between long-time oscillations and the climate signal ( see Ghil 
and Vautard 1991). There are different possible ca.uses for long-term oscillations: (1) 
random radiative forcing of the climate system (see Schlesinger and Ramankutty 199.S), 
(2) oscillatory forcing external to the climate system, for instance, by a variation in 
solar irradiance, (3) an oscillation internal to the climate system, produced by the 
atmosphere (James and James 1989) or the ocean (Delworth et al. 1993, Greatbatch 
and Zhang 1995) or by a coupled mechanism between the ocean and the atmosphere, 
perhaps not unlike that of the El Niiio-Southern Oscillation, but with a longer time 
scale. 
In this paper we consider internal oscillations in the ocean-only with fixed surface 
fiux fields as boundary conditions. This is quite unusual, because most ocean models 
use restoring boundary conditions or mixed boundary conditions ( restoring boundary 
conditions on the surface temperature and constant fiux conditions on the surface 
salinity ). In addition, some of these models use new parameterizations for atmospheric 
transports (Rahmstorf and Willebrand 1995). However, the boundary conditions are 
essential for the stability of the thermohaline circulation (THC) and the occurrence 
of "catastrophes" and oscillations in the THC. In a number of ocean-only models 
under mixed boundary conditions ( e.g. \Veaver and Sarachik 1991a, b) and also in 
a run of the coupled ocean-atmosphere model from the Geophysical Fluid Dynamics 
Laboratory (GFDL) (Delworth et al.1993) interdecadal oscillations are present. In the 
paper mentioned last, the authors found irregular oscillations of the THC in the North 
Atlantic with a time scale of 40-.50 years. Greatbatch and Zhang (199.S) have shown 
that similar oscillations can be produced by an ocean-only model under constant fiux 
conditions. They argue that changes in the surface boundary fiuxes play only a weak 
role in the Atlantic oscillations of the ocean-atmosphere model. This is confirmed 
by Figures 14 and 15 in Delworth et al. (1993). In addition Chen and Gill (199.5) 
argue, that a fixed heat fiux is consistent with an realistic atmosphere with zero heat 
capacity which can respond instantaneously to SST changes. However, it is interesting 
that, even with zero salinity fiux and no windstress, one can generate oscillations in 
sea surface temperature (SST) and the THC with quite similar structures like in the 
complex GFDL-model. On the other hand Delworth et al. (1993) need advected 
salinity anomalies in their explanation for the oscillation in the North Atlantic. 
The North Atlantic seems to be an essential part of the global climate system. 
This is not only obvious because of various model results, but also on account of 
data analysis. For instance, Schlesinger and Ramankutty (199.5) reported that the 
6.5- 70 year oscillation in the observed global-mean surface temperature are mainly 
caused by oscillations over the North Atlantic ocean and its bordering continental 
regions. Kushnir (1994) and Deser and Blackmon (1993) rather think that the observed 
variations of SST in the North Atlantic with a time scale of 30-40 years were caused 
by changes in the ocean circulation. Obviously there is similarity between the SST-
anomaly pattern described by Kushnir (1994) and that assigned to the oscillation in the 
GFDL-model (Delworth et al. 1993). Also, of course, this fact connects the oscillations 
described by Greatbatch and Zhang (1995) to the observations of Kushnir (1994). 
\li/e think there is not yet a complete and clear picture of the mechanism of these os-
cilla.tions. But without this natural climate variability on decadal and longer timescales 
can not be understood. In addition to the arguments given above, using fixed surface 
flux conditions is attractive, because the situation in that case is less confusing than 
in the case of mixed boundary conditions. Vve consider interdecadal oscillations in 
three different simple ocean models with fixed surface flux conditions, a Stommel-like 
box model (Stommel 1961), a loop model similar to \i\Telanders model (Welander 1986) 
and a three-dimensional model (3D model) similar to that of Killworth (1985). The 
concern of the present paper is two fold: (i), we investigate the ability of much sim-
pler models than 3D ocean models to produce interdecadal oscillations and ellucidate 
the mechanism responsible for these oscillations. (ii), we use a three-level basin ocean 
model, comparable to the model used by Greatbatch and Zhang (1995) (apart from 
the low vertical resolution) in order to reproduce the oscillations found by Greatbatch 
and Zhang (1995) and try to find common features between the low-dimensional mod-
els and the three-layer model. The motivation is to deepen the understanding of the 
oscillations found recently in more complex models by Delworth et al. (1993) and 
Greatba.tch and Zhang (1995). 
In this paper, the phase-relationship between the strength of the thermohaline 
overturning and the north-south temperature difference is discussed. We find transient 
solutions in the box model if we take into account the fact tha.t in 3D models there 
is a phase lag between these two time-series. A deformed Welander-like loop model 
also shows a phase lag between these time-series, though different from the 3D and the 
box model. Although it is a new result that a non-inertia.l Welander-like loop model 
shows self-susta.ined oscilla.tions when consta.nt heat and no salinity fluxes a.re employed, 
the experiments confirm \V'inton's (1996) view tha.t the oscillations in 3D models can 
not be simula.ted by two-dimensional or loop-like models. Our experiments with the 
3D three-layer model revea.l the subtle interplay between advection, convection and 
bounda.ry waves which leads to self-sustained interdecadal oscillations. The discussion 
of one oscilla.tion cycle a.t the end of the present pa.per reminds of the cycle described 
by Delworth et al. (1993) and is based on the mechanism discussed by Grea.tbatch and 
Peterson (1996). But in contrast to the last mentioned a.uthors model results presented 
here show that anomalous convection in the north-western part of the model basin is a 
key process for the existence of self-sustained oscillations, whereas anomalous advection 
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is in the end responsible for the growth of temperature anomalies north of the center 
of the model basin. 
In the present paper only the model description, the experiments and results of 
the 3D model are presented in detail. A perceptive discussion of the other two models 
used can be found in Harlander (1996). The structure of this paper is as follows. In 
the next section a brief description of the used 3D model is given, together with the 
assumptions for the used forcing terms. Also we discuss some experiments, clone with 
different model parameters. The last section provides a. summary and a. conclusion. 
2 Three-level model 
2.1 Model description 
In this section a simple three-level basin ocean model is used to examine the oscillatory 
behavior of a much more complicate system compared to a box or loop model under 
fixed heat and salt fluxes. The model is based on the Killworth (1985) model and 
is very similar to that used by Lenderink and Haarsma (1994). Further information 
about the model is given by Harlander (1996). 
For the a.tmospheric forcing terms Fr, Fs and the windstress T we use the simple 
functions 
Fs 
y 
-as cos( 7r L) (1) 
Fr 
y 
ay cos( 7r L) (2) 
y (3) Tx -aw cos(27r L) 
Ty 0 (4) 
L is the width of the basin, o:s, ay and aw are constants given in Table 1. 
2.2 Experhnents 
\iVe carry out experiments with different parameters o:s, ar, aw (see Table 1 ). All 
the other model parameters are fixed ( see appendix). Figure 1 displays the temporal 
evolution of the maximal meridional overturning in Sverdrup (106 m3s-1 ), defined as 
(5) 
of run 1 in Table 1 (no salinity flux, constant heat flux, no wind stress) and run 2 
in Tahle 1 ( constant salinity flux, constant heat flux, no wind stress )(black and gray 
solid line, respectively). Strong but damped oscillations can be observed. Besides the 
oscillations in the strength of the overturning we also find oscillations in the position 
of the maximal overturning, the area of deep and shallow convection, the heat a.nd salt 
tra.nsport and the north-south temperature difference. 
1 Run No. 1 o:s o:r aw 1 
1 0.0 4.0 0.0 
2 1.5 4.0 0.0 
3 1.5 3 .. 5 0.02 
Table 1: Parameters in the atmospheric forcing terms. The units are 0 5 (10-3 PSU s-1 )) 
o:r(l0- 7Ks- 1 ), o:w(Nm-2 ). The amplitude of the sahni:ty flux is ~ 0.7m y-1 , the 
amplitude of the heat flux is l.04°C l\J- 1 in run 1 and run 2. 
A foll oscillation-cycle in SST and deep water temperature (DvVT) anomaly is 
portrayed in Figure 3 (SST upper column, D\i\TT lower column). The structure of the 
SST anomaly fields is comparable to Figure 6 of Greatbatch and Zhang (1995), but 
with larger amplitudes. In the state of growing overturning, we find anomalous cold 
water in the northern part of the model domain, in the SST as well as in the DWT 
(Fig.3 (a) and (e)). After 19 years, the overturning is at its maximum (Fig.3 (b) and 
(f)) and we find a dipole structure in the temperature anomaly fields in the northern 
part. vVhile there is a strong meridional transport of warm waters to the north, the cold 
anomaly moves to the north-west corner of the model basin. There is also a weak cold 
anomaly in the southern surface level and a warm anomaly in the southern deep level. 
Figure 3 ( c) and (g) show the anomalies in the phase of decreasing overturning. The 
warm anomalies are shifted to the north-west and, in the surface level, the strong warm 
anomaly is framed by two weaker cold anomalies. This structure is similar to Figure 18 
(lag+lO years) of Delworth et al.(1993). After fort.her 19 years, the overturning is at 
its minimum (Fig.3 (d) and (h)). The warm anomaly drifted to the western boundary 
of the basin and a large cold anomaly developed in the surface level. Here again a weak 
warm anomaly exists in the southern surface level and a cold anomaly in D"WT in the 
south-western part of the basin. 
After 1650 years of integration the amplitude in run 1 is still 3.5Sv with a period 
of 65 years. An addition of salinity flux (run 2 in Table 1) reduces the amplitude and 
lengthens the period (about 73 years)( gray solid line in Fig.l). These results are in 
qualitative agreement with the results of Greatbatch and Zhang (1995), nevertheless 
Greatbatch and Zhang do not have damping in their experiment. In run 3 of Table 1 
( dashed line in Fig. l) we add a weak and temporal constant windstress and slightly re-
duce the amplitude of the thermal forcing. Undamped self-sustained oscillations with a 
much larger amplitude, even larger as in run 1 are observed under these conditions. An 
additional windstress leads to a more efficient northward heat transport at the western 
boundary of the 3D model. We have performed fort.her experiments with a space and 
time variable windstress which show that in a particular parameter range windstress 
can support the interdecadal oscillations. On the other hand, if the windstress forc-
ing is strong, the oscillations vanish. Hence, there seems to be a biforcation point in 
the windstress parameter space. The connection between windstress and interdecadal 
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varia.bility under consta.nt fluxes is not the subject matter of the present pa.per a.nd we 
hope to discuss this point more fully in a later investigation. 
2.3 The oscillation 111echanisn1 
Before we give a quantitative explanation of the oscillations described above and shown 
in Figure 3 vve first compare some phase-relations of the box and the ring model with 
the corresponding phase-relations of the three-level model. Afterwards we take a closer 
look at different processes which are important for the occurance of oscillations in the 
basin model. Based on these prepa.ra.tions the course of events whithin the oscillation 
cycle shown in Figure 3 is evaluated. 
2.3.1 Comparison of phase-relations 
In Figure 4 the cross-correlation of overturning and north-south tempera.ture difference 
of the box model run (solid gra.y line), the ring model run 6 ( dashed line) and the 
three-level model run 1 (solid line) is shown. North-south temperature difference in 
the ring model is defined as T( 'ljJ = 3n-/2) - T( 'ljJ = r. /2) and in the basin model as 
the difference between the mean SST in the southern part of the model (grid point 
:r = 1 to 22 and y = 1 to 6) and the northern part (grid point x = 1 to 22 and y = 17 
to 22). In all models the correlation between these time-series is high and the phase-
relation in the box model a.nd the 3D model is comparable ( a maximum in tempera.ture 
difference is ahead a maximum in overturning). On the other hand, the phase-relation 
in the ring model shows that a maximal overturning is ahead a maximal tempera.ture 
difference. So, similar to the box model, the problem arises that a loop-type model has 
no information about the east-west density gra.dient, which determines the overturning 
in the 3D model. 
Next the phase-relations between the (maximal) overturning and the deep water 
temperature in the ascending part of the model circulation are compared. In that 
analysis the tempera.ture time-series of the ring model is based on the mea.n tempera.ture 
of the two grid points left from the connection point A, where the non-curved part of 
the ring is connected to the curved part, whereas the time-series of the three-level model 
is obtained by avera.ging the temperature of an area in the lower left qua.drant of the 
deep model layer (grid point 2 to 10 in x- and grid point 1 to 7 in y-direction). The 
cross-correlation for the non-inertial ring modei and the three-level model is shown in 
Figure 5. The correlation between these two time-series is large in both models and the 
phase-relations are almost identical. A maximal overturning is followed by a minimal 
tempera.ture in the deep southern part of the models. Based on these results it appears 
that the overcompensation described by Harlander (1996) for the deformed ring may 
also be relevant to the oscilla.tions of the three- la.yer model. 
To test this hypothesis we ha.ve performed a simula.tion equa.l to run 1 with the 
exception tha.t any tempera.ture a.nomalies a.re suppressed in the southern part of the 
model by a. rela.xation to the clima.tological mean tempera.ture distribution in that area. 
Relaxation constants of 230-1 days- 1 in the upper la.yers and 115-1 days- 1 in the deep 
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layer were a.pplied. As shovrn in Figure 2 ( dashed line) we find now oscillations without 
da.mping and a slightly longer period. This evidences that temperature anomalies in 
the southern half of our model domain do not play an essential part for the occurence 
of the observed oscilla.tions, in contrast to the oscillations found in the ring-model. 
Therefore we conclude that the two-dimensional view, e.g., with a conceptual model 
like the ring model, is not sufficient to describe oscillations occuring in the 3D model, 
even if we employ constant heat and no salt fluxes, which is probably the most simple 
forcing configuration. This statement is consistent with results of vVinton (1996), who 
used a. two-dimensiona.l model version with a fixed forcing. However, in contrast to the 
two-dimensiona.l model of \i\Tinton, the ring model does show self-sustained oscilla.tions, 
even if the mechanisms responsible for these oscillations are different from that of the 
3D model. In spite of these differences, we ca.n dra.w an instructive ana.logy between 
the overcompensa.tion in the loop and the 3D model, but this must be postponed until 
the discussion of the oscillations in the basin model is complete. 
2.3.2 Boundary waves 
As we have seen in the previous section, the temperature anomalies in the south are 
responsible for the damping in run 1 of Table 1. The reason for this is that travel-
ing boundary waves disturb the development of tempera.ture anomalies in the central 
part of the surfa.ce layer. These waves can be observed at the eastern boundary in 
Figure 3 A and D. This observation could give the impression tha.t boundary waves 
are unimportant or even detrimental to interdeca.dal oscillations in coarse resoluted 
ocean models, which is not the ca.se. \i\Te turn our a.ttention to the westward (south-
ward) propaga.tion of the temperature a.nomalies a.t the northern ( western) boundary 
which is quite obvious in Figure 3. As pointed out by \i\Tinton (1996) a.nd Greatbatch 
and Peterson (1996) this propaga.tion is not a.ssociated with a.dvection by the mean 
flow. Linear numerical boundary waves discussed by Killworth (1985), which adopt 
the role of coarsely-resolved, viscous, baroclinic Kelvin waves (cf. Winton 1996), are 
responsible for the observed propagation. An example of such a. numerical wave prop-
agation is shown in Figure 6. In this experiment any forcing is switched off. At time 
t = 0 the model was in a state of rest and the model-layer temperatures were constant 
Ts = 15°C, T1 = 7°C, T2 = 5°C. Then a Gaussian disturbance was introduced at 
the northern boundary of the model. This negative temperature a.nomaly propagates 
westward and also spreads southward at the western boundary. Besides that we find a 
prominent dispersion and diffusion of the wave packet. The propa.gation speed depends 
on the stra.tification of the model. Because of the existence of deep convection, usually 
a weak stratification occurs at the northern part of the model basin. Therefore, the 
propaga.tion can have interdecadal time scales (see also Greatbatch and Peterson 1996). 
2.3.3 Convection 
As shown by Winton (1996) and Greatbatch and Peterson (1996) the propagation of 
boundary waves at the northern and western edge is essential for the occurrence of 
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interdecadal oscillations in coarse resoluted ocean models. Variations in deep convec-
tion seem also to be of great importance. In the model used here, convection is either 
s'vitched on or off. If denser 'vater is layered above less dense wa.ter, a complete mixing 
takes place. Vve define a corresponding convection parameter as follows: p~k = 1 in 
the case of convection, otherwise p~jk = 0, where i, j and k denotes the grid point 
in x- and y-direction and k denotes the layer, respectively. Consequently it follows 
that the time averaged convection parameter is equivalent to the relative frequency 
of convection. Figure 7 shows snapshots of the deviation from the mean relative fre-
quency of convection between the surfa.ce layer and layer 1 at the same time as the 
SST anomalies displayed in Figure 3. The convection pattern is clearly associated 
vv·ith the temperature anomalies and normally enhanced (reduced) convection occurs 
in regions with anomalous cold (warm) SST. If a. temperature anomaly is propagating 
from east to west, it can also be seen in the convection pa.ttern. Note that a switched 
off convection in the northern model domain leads to a decrease in the SST because 
of the forcing. To examine the role of convection for the occurrence of interdecada.l 
oscillations we have repeated run 1 but after 200 years of integration either the area of 
convection is fixed between the surfa.ce and layer 1 or between layer 1 and layer 2. In 
both experiments the oscillations completely vanish after a few hundred years. So the 
propagating temperature anomalies ma.y not be seen independently from convection 
anomalies. 
2.3.4 One oscillation cycle 
In this subsection we put together the single processes discussed so fa.r to built a 
complete picture of the interdecadal oscilla.tions in the three-level model with fixed 
surfa.ce fiuxes. First of all, in Figure 8, the time evolution of the heat budget is 
considered for the last 180 years of the model integration (run 1 of Table 1 but with 
a relaxation in the southern part ). For the grid point x = 13, y = 15, the change 
in SST due to advection (solid black line) and due to convection ( dashed line) a.nd, 
furthermore, the SST is shown. Vve find maximal (minimal) heat advection when 
a negative (positive) temperature anomaly is located west of the grid point and a 
positive (negative) anomaly east of it. In this period the SST increases ( decreases) 
and convection is switched off (on). A striking feature of Figure 8 is that the period 
of convection at this particular grid point is much shorter than the period with no 
convection. That means tha.t there is a relatively long ( short) period with a cold 
(warm) anomaly in the north western part of the model doma.in. This is very obvious 
in Figure 9, where we have plotted the time evolution of the temperatures in all three 
layers at a grid point in the north-western corner (x = 4, y = 19). Most of the time 
convection occurs at that grid point together with equal temperatures in all layers. 
The cold anomaly in the north western part seems to be slowed down. Greatbatch 
a.nd Peterson (1996) were the first who described the "held up" of disturbances at the 
north-western corner in their basin model. They believe the slow propaga.tion along 
the northern boundary leads to a considera.ble increase in the amplitude of the wave, 
which is the funda.ment for the occurrence of self-sustained oscillations. Note tha.t 
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only cold anomalies are "held up". We believe the reason for this is anomalous strong 
convection in periods with anomalous cold surface water in the north western part 
of the moclel (see Fig.7 B). As mentioned by Killworth (198.S) the phase velocity of 
numerical bounclary waves in his two-level model is 
C ,___, a3gH ph ,.__, 2f poß1: (6) 
where ßx is the gricl point distance in x-direction, H stands for the depth of the fluid, 
g for the constant of gravity, f for the coriolis parameter, p0 for the mean density, a for 
the ratio of layer depth to fluid depth and 3 stands for the clensity difference between 
the two layers. The clensity difference S' is almost zero in regions with convection, 
therefore the spatial mean of 3 ancl the speed Cph in the north-western corner of 
the model clomain is anomalous low in periocls of anomalous strong convection. A very 
important point is that "new" temperature anomalies are producecl in the center of the 
northern part of the model by anomalous advection or ,in other worcls, by the secondary 
circulation of alreacly exiting "old'' tempera.ture anomalies. If a cold anomaly is locked 
in the north-western corner, positive heat aclvection has enough time to built up a large 
positive temperature anomaly. This seems to be the overcompensating mechanism in 
the 3D moclel which enables the oscillations to be self-sustained. 
The results substantiate that the subtle interplay between boundary waves, anoma-
lous convection and advection allows the non-stationary behavior of the model. Our 
experiments confirm this view: No oscillations will be found if we suppress boundary 
waves at the northern and western boundaries (see also Greatbatch and Peterson 1996) 
as well as if we suppress anomalous convection (see subsection 2.3.3). 
Damped oscillations occurring in runl of Table 1 result from disturbing this inter-
play: Boundary waves, which are propagating to the north at the eastern boundary, 
modify the "slow-down" process of cold anomalies at the northern edge. By using a 
smaller heat flux a = 2 .. 5 -10-7 J{ s-1 in run 1 or by employing the parameter configura-
tion of run 3 in Table 1, the system adjusts in a way that self-sustainecl oscillations oc-
cur. Therefore, in the three-dimensional cq - a 5 - aw-parameter space, self-sustained 
oscillations are not a "global" phenomenon but appear in particular regions of this 
space. 
3 Summary and conclusion 
vVe have studied interdecaclal oscillations by three different simple models, a box model, 
a so called ring model and a three-level ocean basin model, forced by constant heat and 
salt fluxes. The motivation was to cleepen the understanding of the oscillations found 
recently in more complex models by Delworth et al. ( 1993) and Greatbatch and Zhang 
(199.S) and to examine if lower dimensional models capture mechanisms which are also 
important for the occurrence of interdecadal oscillations in the 3D model presented 
here. Great batch and Zhang ( 1995) described the essential mechanism for interdecadal 
oscillations in their model as follows: "Since there is a constant rate of heat loss at 
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high latitudes, the surface residence time of a water particle determines the temper-
ature anomaly at high latitudes". Strong overturning rat.es lead to strong meridional 
advection and to short residence times and therefore to warm surface anomalies at 
high latitudes. This weakens the circulation and anoma.lies with different signs ma.y 
develop because of the forcing terms, and so on. The same mechanism was put for-
ward by Huang and Chou (1994) and, quite similar, by \Veaver et a.l.(1991) as an 
explanation for the oscillation they found under constant freshwater flux forcing. But 
from a naive point of view, one can not see why that mecha.nism alone can produce 
self-sustained oscillations in a model with consta.nt forcing. lt would be possible just 
as well that the system reaches a sta.ble state after some initial oscillations. There 
needs to be some overcompensation mechanism, for instance inertia, to produce longer 
la.sting oscillations. 
Usually, in 3D ba.sin models a. maximum in north-south tempera.ture difference is 
ahead a. ma.ximum in overturning. This out of phase rela.tionship stands in contrast 
to the assumptions in box models of the "Stommel-type" (cf. Stommel 1961), where 
no phase lag between these two time-series exists. Our experiment with a box model 
with constant heat forcing showed that ( damped) oscillations can be a solution of the 
model if a phase lag between the temperature difference of the two boxes and the 
box model "overturning" is artificially incorporated. A physical justification for the 
implementation of this phase relationship is that box models do consider neither the 
large dista.nce of the two boxes nor the ea.st-west pressure difference which determines 
the overturning in 3D models. 
Our next step was to study the dynamics of a simple system which is ahle to 
produce a dynamically caused internal phase lag between overturning and north-south 
temperature difference. This system consists of a ring ( or loop) of fluid which is forced 
by constant heat fluxes. A similar convective loop model was investigated earlier by 
\Velander (1967), Malkus (1972) and Welander (1986). lt can be shown that a circular 
symmetric ring can have non-steady solutions if inertia is incorporated (cf. \~Telander 
1967) or if the relaxation constants of salinity and temperature are not equal (cf. 
\\ielander 1986). In addition, we have shown tha.t even a non-inertial ring system with 
constant heat and no salinity fluxes can produce oscillatory solutions if the symmetry 
of the ring is broken by deforming its upper or lower side. The mechanism responsible 
for these oscillations in a ring with a flat bottom can be summarized in simplified 
form as follows. The ring overturning is at its inaximum if a cold anomaly is located 
in the sinking part of the fluid and a warm anomaly is located at the rising part. 
After some time relative warm water is advected into the region of cooling and, in 
addition, the cold water in the sinking part of the ring enters the flat region of the 
ring and does not contribute to the momentum torque of the fluid loop anymore. 
Therefore, the overturning is strongly reduced. As a result of the slow circulation, 
the fluid particles in the forcing regions are exposed a. relatively long period to the 
constant cooling and warming, respectively, and "new" temperature anomalies develop. 
A further decrease of the overturning rate, or at least a slowed down increase, takes 
place if the negative temperature anomaly leaves the non-curved part of the ring and 
starts to rise. This effect leads to an overcompensation and in the phase of minimal 
overturning strong anomalies are produced in the forcing regions. These anomalies 
then produce an increase in overturning and so forth. Note that a Welander-like loop 
model can deal with the fact that the movements of waters between equatoria1 and 
polar regions are associated with large time-lag, but it has, of course, no information 
a.bout zonal density gradients. The phase relationship between overturning and north-
south tempera.ture difference of the ring differs fundamental from that of our 3D model, 
but on the other hand the phase-lag between deep water temperature and overturning 
is remarkably alike in both models. In spite of this similarity, the experiments have 
shovm that it is not stra.ightforward to tra.nsfer aspects of the overcompensation in the 
loop model to the 3D case. 
The interdecadal oscilla.tion in the 3D basin model seems to be a fully 3D phe-
nomenon and anomalous horizontal advection, numerical boundary waves and anoma-
lous convection a.re indispensable ingredients for the occurrence of these oscillations. 
In the following one cycle of such an oscillation is summa.rized. \Ve start from a sta.te 
of anomalous weak meridional overturning. At this time a positive SST anoma.ly is 
observed in the north-western pa.rt of the basin whereas a. negative a.nomaly is located 
north of the center of the model doma.in. This cold pool ha.s a.n associated cyclonic 
circulation, therefore at the western flank of the cold anomaly there is anomalous 
southward advection and at the eastern side we find ( weaker) anomalous northward 
advection. Because of boundary effects, the whole system is propagating westward. 
The propagation speed depends on the stratifica.tion, which is very low in areas with 
deep convection. At the western boundary the warm anomaly moves southward and 
weakens in intensity. The anomalous northward advection at the eastern side of the 
cold anomaly now leads to the development of a positive SST anomaly north of the 
center of the model basin. When the surface cold anomaly arrives at the north-western 
corner of the ba.sin, the westward propaga.tion of the dipole-like anomaly pattern slows 
down, because an anomalous large area. of deep convection a.t the north-western pa.rt 
reduces the stra.tification. \Ve believe tha.t this retarda.tion process is crucia.l for the 
ma.intenance of oscillations, because now the anomalous heat advection at the eastern 
flank of the cold anomaly has enough time to built up a large positive SST anomaly 
with an associated anticyclonal circulation. The cold anomaly is propagating to the 
south along the western boundary, weakens and the warm anoma.ly takes the place of 
the cold anomaly at the north-western corner of the model basin. This is the state of 
minimal meridional overturning, thus we have tompleted one cycle. 
The described oscillation reminds one of the oscillations found by Delworth et al. 
(1993) in the coupled GFDL model. These authors also emphasize the close relationship 
between the anomalous gyre circulation and the THC. In contra.st to the mechanism 
presented here, anomalous salinity transport into the sinking regions plays an important 
role in the mechanism described by Delworth et a.l. However, it is interesting that the 
authors referred to last found model evidence that the density induced gyre circulation 
propagates to the west with a. speed on the order of ~ 0.5- lcrn s-1 , which is consistent 
with the propagation speed of boundary waves in the Killworth-model and the model 
used by Greatbatch and Peterson (1996), respectively. 
In conclusion it seems that the oscillations occurring in the basin model may be the 
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archetype of a variety of similar solutions in more complex 3D models. In the model 
experiments presented here the relationship between the oscillations in the ring model 
and the 3D model are rather weak. However, in both models the observed self-sustained 
oscillations are associated with a retardation process, which allows the development 
of strong temperature anomalies: In the asymmetric ring (with the fiat bottom) the 
overturning is slowed down by cold anomalies which leave the fiat part of the ring, in 
the 3D model boundary wave propagation is "held up" by anomalous strong convection 
and anomalous low stratification in the north-western part of the basin. Therefore, in 
the ring model the period of low overturning is extended, which in turn leads to strong 
temperature anomalies in the constant forcing regions. In the 3D case, the period of 
strong overturning is extended and with it the period of anomalous northward heat 
advection. The phase relationship between overturning and north-south temperature 
difference is a result of the overcompensating mecha.nisms discussed above. This com-
pletes the a.nalogy recently drawn by Rahmstorf et a.l. (1996) between consta.nt surface 
flux oscillations in 3D models a.nd the therma.l loop oscilla.tor in the following way that 
inertia. is not the only mechanism in low dimensional rnodels standing in for the pro-
cesses producing the oscilla.tions in 3D models. 
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APPENDIX 
Model parameters 
In all models the same timestepping scheme is used: A leaprog scheme for the advective 
terms a.nd a Euler forward scheme for the diffusive terms. The time-step is 3days for 
the three-level model. In all models p0 = 1001.3 kg m-3 , k1 = 0.7739 kg m-3 Psu-1, 
T* = - 7. 7:3°C is a.pplied andin model runs with constant salinity S is set to 34.75 P SU. 
The spatial resolution of the three-level model is ßx = ßy = 250km. Furthermore the 
following model pa.ra.meters are used: f = fo + ß.y, fo = 1.10-4 s-1 , ß = 2 -10- 11 m-1 s-1 , 
the layer thicknesses hs = 50m, h1 = 400ni, h2 = 4000m, the horizontal diffusion pa-
rameter Kh = 1500ni2 s-1 , the vertical diffusion parameter Kv = 1 · 10-4 m 2 s-1 and the 
Stommel-friction Ks = 4 · 10-6 s-1 . 
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Figure l: Temporal evolution of the maximum of the meridional overturning in the 
basin model of run 1 (black solid line), run 2 (gray solid line) and run 3 (dashed line) 
in Sv (1 Sv = 106 m3 s-1 ). 
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Figure 2: Temporal evolution of the maximum of the meridional overturning in the 
basin model of run 1 (solid line) and run 1 with relaxation (dashed line) (see text) in 
Sv (1 Sv = 106 m3 s-1 ). 
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Figure 4: Cross-correlation between the time-series of meridional overturning and the 
time-series of north-south SST difference. Box model (gray line), ring model run 6 
( dashed line) and three-level model run 1 (solid line). 
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Figure 5: Cross-correlation between the time-series of meridional overturning and the 
time-series of deep water temperature at the ascending part of the circulation (see 
text). Three-level model run 1 (solid line), non-inertial ring model run 6 (dashed line). 
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Figure 6: Surface bounclary wave propagation at the northern bounclary. The initial 
Gaussian SST perturbation of the steacly state with Ts = 15°C, T1 = 7°C, T2 = 5°C, a 
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Figure 7: Convection parameter anomalies ( see text) between surface layer ancl layer 
1 at the same time as shown in Figure 6. The climensionless contour intervals are 0.1. 
-; 
1 
1 
-; 
-j ~~45N 
J 
t ! 1 1 ' 1 
~ 
1 
1 „ 
D~ 1 
~ 
(J") 
CXl 
4e-07 
3e-07 
2e-07 
1e-07 
-1e-07 
1450.0 
Budget 
grid point x=13 y=15 
1500.0 1550.0 
Year 
169 
1600.0 
Figure 8: SST change at grid point x = 13, y = 15 associated with convection ( dashed 
line), advection (black solid line) and SST (gray solid line) during the last 180 years of 
basin model integration (run 1 with relaxation) in]{ s-1 a.nd 107 K, respectively. 
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Figure 9: Tempera.ture development a.t grid point x = 4, y = 19 in the north-western 
corner of the model basin during the last 180 years of model integra.tion (run 1 with 
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